The eukaryotic ribosomal protein S26e (rpS26e) lacking eubacterial counterparts is a key component of the ribosomal binding site of mRNA region 5 0 of the codon positioned at the exit site. Here, we determined the rpS26e oligopeptide neighboring mRNA on the human 80S ribosome using mRNA analogues bearing perfluorophenyl azide-derivatized nucleotides at designed locations. The protein was cross-linked to mRNA analogues in specific ribosomal complexes, in which the derivatized nucleotide was located at positions À3 to À9. Digestion of cross-linked rpS26e with various specific proteolytic agents followed by identification of the resulting modified oligopeptides made it possible to map the cross-links to fragment 60-71. This fragment contains the motif YxxPKxYxK conserved in eukaryotic but not in archaeal rpS26e. Analysis of X-ray structure of the Tetrahymena thermophila 40S subunit showed that this motif is not implicated in the intraribosomal interactions, implying its involvement in translation process in a eukaryote-specific manner.
INTRODUCTION
Prokaryotic and eukaryotic ribosomes perform the same function of carrying out protein synthesis using incoming mRNA as template that bears genetic information presented as the sequence of trinucleotide-codons to be translated into the amino acid sequence of the polypeptide synthesized. Structures of the ribosomes from both kingdoms, that are now well known due to remarkable progress in X-ray crystallography (1) (2) (3) (4) (5) and cryo-electron microscopy (cryo-EM) (6) (7) (8) (9) (10) (11) , share significant similarity. Arrangements of prokaryotic ribosomal functional sites have been deciphered at the atomic level (2, (12) (13) (14) (15) , while eukaryotic ribosomal sites remain much less studied. This concerns in particular the mRNA binding site since the mRNA has been visualized in the eukaruotic ribosomal complexes by neither cryo-EM nor X-ray crystallography. In particular, the resolution of cryo-EM, that has been extensively applied to study eukaryotic ribosome (9) (10) (11) , is so far insufficient to directly visualize mRNA codons; two recently published X-ray crystallographic structures of the eukaryotic ribosome (4,5) do not contain mRNA. Data on rRNA nucleotides and ribosomal proteins neighboring the mRNA in the 80S ribosome have been obtained by site-directed cross-linking (16) (17) (18) ). This approach made it possible to reveal both the conserved rRNA 'core' of the ribosome, which is structurally similar in all kingdoms, and differences related to protein environment of the mRNA in eubacterial and eukaryotic ribosomes (17) . The most striking difference concerns the arrangement of the binding site of the mRNA region 5 0 of the codons interacting with tRNA anticodons in the A and P sites. Ribosomal protein S26 (rpS26e), which has no eubacterial counterparts, is the main component of this site. In early studies it was *To whom correspondence should be addressed. Tel: +7 383 363 5140; Fax: +7 383 363 5153; Email: karpova@niboch.nsc.ru reported that this protein cross-links to derivatives of oligo(U) bearing an alkylating group at the 5 0 -termini in their complexes with rat liver (19, 20) and human ribosomes (21) . Later, with the use of a set of short mRNA analogues bearing a perfluorophenyl azide cross-linker at G or U at the designed locations, it was demonstrated that rpS26e is the main target for cross-linking from positions À4 to À9 with respect to the first nucleotide of the P site-bound codon on the human 80S ribosome (17) . Finally, very similar results were obtained using longer synthetic mRNAs carrying 4-thiouridine, a 'zero-length' cross-linker, in rabbit 48S and 80S initiation complexes assembled with a set of appropriate initiation factors (22, 23) . The amino acids of rpS26e involved in the formation of the mRNA binding site remain unknown. Knowledge on the mutual positioning of rpS26e and the mRNA in the ribosome is of paramount importance to understand the functional significance of rpS26e as one of the key components of the 40S ribosomal mRNA binding site that has no homologs in eubacteria.
In the current study, to identify amino acid residues of rpS26e neighboring the mRNA in the ribosome, this protein was cross-linked to short labeled mRNA analogues with a perfluorophenyl azide cross-linker at the uridines in human 80S ribosomal complexes where derivatized U was in positions À3 to À9. Mapping of cross-linking sites on the rpS26e was carried out using an approach based on the application of various proteolytic agents for selective cleavage of the cross-linked protein with subsequent SDS-PAGE separation of the labeled modified peptides, their identification and mapping of the cross-links. This approach has been successfully used to identify cross-linking sites of mRNA analogues in rpS15e (24) and eRF1 (25, 26) in human 80S ribosomal complexes where the nucleotide with the cross-linker was positioned at the decoding site. We show here that mRNA analogues with modified nucleotides in positions À3 to À9 in 80S ribosomal complexes cross-link to the same dodecapeptide in positions 60-71 in the central part of the protein. A comparative analysis of protein sequences of the rpS26e family revealed that motif YxxPKxYxK within the fragment mentioned is conserved in eukaryotes but not in archaea. Application of the cross-linking results to available models of the 40S subunits makes it possible to propose a role of motif YxxPKxYxK of rpS26e in the translation process in eukaryotes.
MATERIALS AND METHODS
Ribosomes, tRNA and mRNA analogues tRNA Phe (1300 pmol/A 260 unit) was a kind gift from Dr V. Katunin (B.P. Konstantinov's St Petersburg Institute of Nuclear Physics RAS, Gatchina, Russia). Isolation of the 40S and 60S ribosomal subunits from unfrozen human placenta and their association to produce 80S ribosomes were performed as described (27) . The activity of the ribosomes in the poly(U)-directed binding of [ 14 C]Phe-tRNA Phe was $80% (maximum binding level was about 1.6 mol of Phe-tRNA Phe per mol of the 80S ribosomes). Synthesis and purification of derivatives of oligoribonucleotides bearing an 4-azido-2,3,5,6-tetrafluorobenzoyl group attached via an ethylene diamine spacer to the C5 of the uridines was carried out as described (28) . Before use in cross-linking experiments, the derivatives were 5 0 -32 P-labeled and purified according to (29) .
Ribosomal complexes and cross-linking procedures
Complexes of 80S ribosomes (1.6 Â 10 À6 M) with tRNA Phe (1.5 Â 10 À5 M) and mRNA analogues (1.3 Â 10 À5 M) were obtained by incubating these components for 40 min in buffer A (20 mM Tris-HCl, pH 7.5, 120 mM KCl, 13 mM MgCl 2 and 0.6 mM EDTA) at room temperature. The reaction mixtures for the cross-linking experiments typically contained 15-30 pmol of 80S ribosomes. To obtain cross-links of mRNA analogues to the ribosomes, the complexes were irradiated with mild UV light ( > 290 nm) as described (17) and then supplied with 1/30 v of 5% 2-mercaptoethanol. Cross-linked ribosomal components were separated by SDS-PAGE on a 15% gel as described (17) .
Isolation of cross-linked rpS26e
Total protein was extracted from the irradiated complexes with acetic acid according to ref. (30) and lyophilized. The preparations were dissolved in 10 ml of 2 M urea, treated with 0.1 mg of RNase A at 37 C for 2 h and acetone precipitated. Cross-linked rpS26e was isolated from these protein preparations by 15% SDS-PAGE as described (17) . The gels were dried and autoradiographed, and a major radioactive band in the lower part of the gels corresponding to cross-linked rpS26e (17) was excised.
Mapping of cross-linking site on the S26e protein Cleavage of the cross-linked S26e protein with endoproteases GluC or ArgC (Roche), or with pepsin (Sigma) was carried out as described (24) . The reaction mixtures of a total volume of 50 or 100 ml contained GluC, ArgC or pepsin in amounts providing exhaustive cleavage of the cross-linked protein. These amounts were selected for each enzyme preparation in parallel experiments based on cleavage of cross-linked rpS26e with increasing enzyme concentrations.
Cleavage of the cross-linked rpS26e with 2-nitro-5-thiocyanobenzoic acid (NTCB) was carried out as follows. The gel slice containing cross-linked rpS26e was incubated in 50 ml of buffer B (0.2 M Tris-HCl, pH 8.0 and 6 M guanidine chloride) containing 5 mM DTT at 37 C for 6 h. Then the same volume of 0.2 M NTCB in buffer B was added together with 25 ml of 1 M NaOH and the mixture was incubated at 37 C for 12 h. The reaction was stopped with 1/5 v of 85% formic acid, diluted with ½ v of water, after which 1 ml of bovine serum albumin (10 g/l) was added as a carrier and the polypeptides were precipitated with 6 v of cold acetone (incubation at À20 C for 2 h). Treatment of the cross-linked oligopeptides with endoprotease AspN (Roche) was carried out in 100 ml of 10 mM Tris-HCl, pH 7.5, by incubating of the mixture overnight at 37 C.
The fragments resulting from the hydrolysis of cross-linked rpS26e were analyzed by 16.5% Tris-tricine SDS-PAGE in parallel with polypeptide size markers obtained as a result of selective digestion of a specially designed recombinant protein S26C (see below). The gels were stained with Coomassie Brilliant Blue G-250 to develop the positions of the markers, dried and radioautographed.
Preparation of molecular mass markers
To obtain size markers to evaluate the molecular masses of modified oligopeptides resulting from the cleavage of cross-linked rpS26e, a special 66 amino acid-long recombinant protein S26C was constructed whose sequence is:
It consists of His-tag (marked in bold) followed by a sequence corresponding to the C-terminal 71-115 fragment of human rpS26e. This 7.4 kDa protein bears the only site for cleavage by endoprotease GluC (after E41) and two sites for pepsin (before L14 and L22) that makes it possible to obtain peptides of known molecular masses. Fragments obtained as a result of S26C cleavage with the endoproteases mentioned are more suitable size markers for the cross-linked rpS26e fragments than standard commercially available size markers since ribosomal proteins (and especially rpS26e) have higher electrophoretic mobilities in SDS-PAGE than those expected from their molecular masses.
A fragment of human rpS26e cDNA coding for the C-terminal 45 amino acid-long fragment of the protein was obtained by PCR using a pair of primers bearing on their 5 0 -termini sequences necessary for the presence of restriction sites in the PCR product. The sequences of the forward and reverse primers were 5 0 -CGGGAATTC CATATGCTACATTACTGTGTGAGTTG-3 0 and 5 0 -G GGAATTCGGATCCTTACATGGGCTTTGGTG-3 0 , respectively. Full size cDNA of human rpS26e was used as a template (31) . The PCR product was digested with NdeI and BamHI and cloned into plasmid pET-15b (Novagen) at the corresponding sites. The integrity of the insert was validated by sequencing. The resulting plasmid was expressed in Escherichia coli BL-21 (DE-3) strain. The recombinant protein was synthesized and purified as in ref. (31) and refolded by dialysis against buffer containing 20 mM Tris-HCl, pH 7.5 and 100 KCl. It was then acetone precipitated (12 h), resuspended in 2 M urea and stored at À20 C as 20 ml aliquots (each used once). Digestion of S26C with endoprotease GluC and with pepsin was carried out as described in the previous section; each reaction mixture contained 10 mg of S26C. Pepsin and GluC were added in amounts providing exhaustive hydrolysis of the protein (the exact amounts of the enzymes were selected in each set of experiments separately). The resulting protein fragments were resolved by Tris-tricine SDS-PAGE together with the cross-linked rpS26e fragments; the gels were stained with Coomassie Brilliant Blue G-250 and dried. It should be noted that in the lanes corresponding to products of S26C digestion only the larger fragments are clearly seen, while the shorter ones (<25 amino acids long) are poorly stained with the dye and therefore are hardly detectable.
RESULTS
The mRNA analogues used here are presented in Figure 1A . They contain the triplet UUU coding for Phe at the 3 0 -terminus and a perfluorophenyl azidemodified U 5 0 of the triplet or in the first position of the triplet. Protein rpS26e was cross-linked to labeled mRNA analogues in specific human 80S ribosomal complexes obtained in the presence of tRNA Phe that directed triplet UUU to the ribosomal P site and positioned the modified mRNA nucleotides in designed locations ( Figure 1B) .
The 5 0 -32 P-labeled mRNA analogues were cross-linked to human 80S ribosomes by mild UV-irradiation, and the labeled ribosomal components were resolved by SDS-PAGE ( Figure 2 ). Weak protein bands in the upper parts of the gels correspond to cross-linked ribosomal proteins S2e and S3e, and the major (with all mRNA analogues with except for +1U) protein bands in the lower parts relate to cross-linked rpS26e. This assignment is based on our earlier studies in which these proteins cross-linked to mRNA analogues were identified (17, 32, 33) . One can see that the level of the cross-linking to rpS26e strongly depends on the position of modified nucleotide in the mRNA analogue. In particular, the level of cross-linking is maximum with mRNA analogues -6U and -9U, somewhat less with analogue -4U (with these three analogues cross-link with rpS26e is dominating), much less with analogue -3U and almost negligible with mRNA analogue +1U [the latter two analogues cross-linked mainly to the 18S rRNA, which is in agreement with our earlier report (32) ]. Cross-linking of mRNA analogues to rpS26e is completely specific since it does not take place in binary complexes of the analogues with 80S ribosomes. In contrast, the extent of weak cross-linking to rpS2e and rpS3e barely depends on the position of the derivatized nucleotide with respect to the first nucleotide of the P site codon and on the presence of tRNA Phe . Lanes corresponding to cross-linking experiments without tRNA are not shown here [the respective results with mRNA analogues used in this study were reported earlier (17, 32) ]. It should be noted that tRNA-dependent cross-linking to rpS26e and tRNA-independent labeling of rpS2e and rpS3e were also observed with mRNA analogues similarly derivatized at guanines (17) . Thus, it is reasonably to suggest that cross-linking to rpS2e and rpS3e takes place in fractions of binary complexes of the ribosomes with mRNA analogues that remain in the reaction mixtures because of incomplete occupation of the P site by tRNA Phe . Proteins S2e and S3e are homologous prokaryotic rpS5p and rpS3p, respectively that are involved in the formation of the mRNA entry site on the 30S subunit (12) . Proteins S2e and S3e are believed to take part in organization of the mRNA entry site on the 40S subunit (4). Apparently, without tRNA, mRNA analogues independently of their sequences bind at the ribosomal entry site in a labile transient manner and cross-link to rpS2e and rpS3e located nearby.
Identification of rpS26e peptides cross-linked to mRNA analogues was carried out with all analogues with except for mRNA+1U whose cross-linking yield was too low for the analysis. For this purpose, total protein was isolated from the irradiated ribosomal complexes and cross-linked RNA moieties of mRNA analogues were hydrolyzed with RNase A to reduce their effects on electrophoretic mobilities of the cross-linked peptides. RNase treatment did not lead to loss of the label cross-linked to proteins since in all mRNA analogues the cross-linker was at the very 5 0 -terminal U that was coupled with the 32 P labeled phosphate. After hydrolysis with RNase A, mono-or dinucleotide fragments (whose masses were about 0.5 or 0.8 kDa, respectively) of mRNA analogues remained cross-linked to the protein. Modified labeled rpS26e was isolated by SDS-PAGE and subjected to exhaustive hydrolysis with specific proteolytic agents that cleave the polypeptide chain at selective sites. We applied 2-nitro-5-thiocyanobenzoate (NTCB) that cleaves peptide bonds before Cys, endoprotease GluC that hydrolyses the polypeptide chain after Glu, endoprotease ArgC that cleaves after Arg, and pepsin. The cleavages were carried out in parallel experiments with subsequent analysis of the resulting labeled products by Tris-tricine SDS-PAGE. To evaluate the sizes of the modified labeled oligopeptides based on their electrophoretic mobilities, we used peptide size markers derived from the especially designed recombinant protein S26C consisting of a sequence corresponding to C-terminal sequence 71-115 of the human rpS26e preceded by a 21 amino acid-long His-tag sequence (see 'Materials and Methods' section). This protein has the only cleavage site for endoprotease GluC and two sites for pepsin, and its treatment with these enzymes makes it possible to obtain unambiguously identifiable products, that are easily detected in Coomassie-stained gels. Comparing the positions of the bands of labeled oligopeptides with the bands of size markers, we took into account that all cross-linked oligopeptides contained residues of mRNA analogues, which remained after treatment of the cross-linked rpS26e with RNase A (see above) that somewhat reduced their electrophoretic mobilities.
The data presented in Figure 3A show that the patterns of rpS26e cleavage with each proteolytic agent are very similar with all mRNA analogues, indicating a common cross-linking site. With endoproteases GluC and ArgC only one labeled oligopeptide is formed, its mass is about 4 kDa, the fragment resulting from ArgC treatment being a little bit shorter than the one obtained with GluC. These results are consistent with the only candidate pair of labeled fragments, namely, amino acids 55-90 with GluC and amino acids 51-85 with ArgC ( Figure 3B ). With NTCB, two bands are visible; the upper bands evidently relate to the undercleaved cross-linked rpS26e since they correspond to a product whose mobility is drastically less than that of any product that could result from the complete cleavage of rpS26e with NTCB (compare data of Figure 3A and B). The lower bands fit well the modified fragment 28-73 that overlaps with the mentioned above labeled fragments found with GluC and ArgC. Finally, treatment of cross-linked rpS26e with pepsin leads to the formation of very short labeled fragments similar to those produced with unspecific proteinase K that digests proteins to amino acids, di-and tripeptides (bands at the bottom, compare lanes 4 and 5 in Figure 3A ). Such fragments can be formed only if the cross-link is located within positions 59-71 of rpS26e ( Figure 3B) ; such a position of the cross-link agrees with the results obtained with NTCB and the endoproteases ArgC and GluC.
To map cross-link more precisely, labeled fragment obtained by digestion of the cross-linked rpS26e with ArgC (amino acids 51-85) was cut off the gels and treated with endoprotease AspN that cleaves before Asp, which is present in the only position 60 in this fragment. The results presented in Figure 4 show that treatment with AspN leads to modest shortening of the labeled fragment with all the mRNA analogues resulting in formation of a labeled product whose electrophoretic mobility fits well the expected mobility of the cross-linked 60-85 fragment and is incompatible with that of the cross-linked 51-59 fragment. Therefore, the cross-link is located within positions 60-85 and not within positions 51-59. The combination of the results presented in Figures 3 and 4 allows us to map the cross-link to rpS26e in positions 60-71 with all mRNA analogues examined.
DISCUSSION
The results of the current study show that modified uridines of mRNA analogues in positions À3 to À9 cross-link to the same dodecapeptide 60-71 of rpS26e. This dodecapeptide seems to be the only protein fragment neighboring mRNA nucleotides in these positions because rpS26e is practically the only target for cross-linking of the mRNA analogues, and dodecapeptide 60-71 is the only cross-linking site in the protein. We suggest that this fragment of rpS26e directly interacts (17, 32, 33) , cross-linked proteins were identified in the mentioned studies by one-dimensional SDS-PAGE and 2D PAGE in various electrophoretic systems; the identity of cross-linked rpS26e was confirmed by immunoblotting (17) . Mobilities of the proteins cross-linked to mRNA analogues decrease from mRNA +1U to mRNA -9U according to the increase of the lengths of the mRNA analogues ( Figure 1A) . with mRNA nucleotides in positions À6 to À9 because (i) the yield of cross-linking of mRNA analogues to rpS26e is maximum when nucleotides with the cross-linker are in these positions (Figure 2) , and (ii) 'zero-length' cross-links of 4-thiouridines to rpS26e have been observed from positions À6 to À10 but not from positions À3 and À4 (23). Decrease of cross-linking yield of perfluorophenyl azide-modified uridines of the mRNA analogues to rpS26e when the derivatized uridine is shifted downstream of position À6 (Figure 2 ) clearly reflects its moving away from the 60-71 fragment of rpS26e. The more downstream from position À6 is the modified uridine, the less likely is its cross-link to the protein. Apparently, cross-linking of derivatized uridines in positions À3 and À4 to rpS26e is detectable here because the perfluorophenyl azide group used is linked to uridines via a flexible linker enabling this group to reach the target, that is located close to the mRNA but does not make direct contacts with it.
There are two currently available atomic models for the small subunit of the eukaryotic ribosome where rpS26e is localized; one is derived from cryo-EM data (11) and the other from X-ray crystallography (5) . In both models rpS26e is located on the solvent side of the subunit at the level of the platform, but only a minor part of rpS26e is positioned similarly on both models, namely, on the platform side facing the head near the mRNA exit site. As for the remaining larger part of the protein, it is exposed on the top of platform surface in the cryo-EM structure (11) , whereas in the X-ray structure (5) the respective site is occupied by another ribosomal protein, S1e (S3a). In the cryo-EM study the rpS26e structure has been tentatively modeled ab initio based on the prediction of the secondary structure of this protein, and therefore this structure has lower degree of accuracy than protein structures modeled based on the available X-ray and NMR structures (11) . This is why we compared our cross-linking results with an X-ray structure of the 40S subunit of the lower eukaryote Tetrahymena thermophila (PDB accession number 2xzn, hereinafter we term the corresponding structure 2xzn model) (5). This model makes it possible to reveal essential features of the rpS26e structure, in particular, its folding, the location of the Zinc finger, and the particular amino acids interacting with the 18S rRNA. The sequences of the human and the Tetrahymena thermophila rpS26e share significant similarity ( Figure 5 ). The sequences have the same numbering up to amino acid 59; after this position, and up to aa 110 near the C-terminus, the Tetrahymena numbering is two amino acid residues ahead of the human numbering, so that human fragment 60-71 corresponds to the Tetrahymena sequence 62-73. Figure 6 shows the location of this sequence on the structure of rpS26e in the 40S subunit. The sequence 62-73 does not overlap with the Zinc finger, and does not contain fragments involved in the interactions of rpS26e with the 18S rRNA ( Figure 5) . Moreover, analysis of the 2xzn structure also shows that fragment 62-73 does not interact with any ribosomal protein. Thus, it is reasonable to suggest that fragment 60-71 of rpS26e in the human 40S subunit is not involved in any intraribosomal interaction too. This implies conformational flexibility of the fragment, which could be essential for specific functions of the fragment related to the binding of the mRNA region upstream of the E site codon and of other, eukaryote-specific, ligands.
Fragment 60-71 (human numbering) of rpS26e contains the motif 62-YxxPKxYxK-70 that is conserved in eukaryotic proteins of the S26e family but not in the corresponding archaeal proteins that contain an archaeal-specific motif in the respective region ( Figure 5 ). This points to a significant role of motif 62-YxxPKxYxK-70 in the functioning of the ribosome in a manner specific for eukaryotes, while the respective archaeal-specific motif could be involved in functioning of the archaeal translating machinery in another manner. However, the latter possibility is not discussed here because of the lack of structural data on archaeal small ribosomal subunits. Analysis of the nature of protein-protein and protein-rRNA interactions in the 2xzn model shows that contacts of proteins with the 18S rRNA are mediated preferentially by lysines and/or arginines and rarely by tyrosines; the latter much more often participate in protein-protein interactions. Therefore, it is reasonable to assume that lysines K66 and/or K70 of the 62-YxxPKxYxK-70 motif interact with mRNA phosphates, while tyrosines Y62 and/or Y68 participate in binding of a protein involved in translation in a manner specific for eukaryotes. Of course, these do not rule out a possibility that Y62 and/or Y68 of rpS26e could be also involved in interactions with mRNA, e.g. to guide/stabilize mRNA conformation via stacking interactions. Proline in position 65 probably provides bending of the polypeptide chain, which can be important to maintain functionally correct conformation of the fragment. One candidate protein that could interact with the 62-YxxPKxYxK-70 motif is the eukaryotic initiation factor eIF3, that is involved in recruitment of the mRNA to the 40S subunit and has no counterparts in bacteria and archaea (34) . A comparison of the 2xzn model of the 40S subunit discussed above (5) with available cryo-EM images of the 40S subunit complexed with eIF3 (35) shows that the location of rpS26e on the 40S subunit overlaps with the eIF3 binding site. This agrees with the data on the ability of mRNA nucleotides in positions -8 to -10 to cross-link to rpS26e as well as to eIF3d in the 48S initiation complex (23) . Thus, one can suggest that motif 62-YxxPKxYxK-70 of rpS26e is involved in binding of both the 5 0 -untranslated region of the mRNA and eIF3, and that this interaction underlies a mechanism of mRNA recruitment by eIF3. However, the role of the rpS26e motif mentioned could extend beyond the initiation step, and contribute to the maintenance of the mRNA path from the region of codon-anticodon interactions to the exit site during translation. The 62-YxxPKxYxK-70 motif is partly accessible at the surface of the 40S subunit solvent side (5); it could therefore be a potential target for the action of some kind of regulatory factors modulating ribosomal function during translation.
Remarkably, recently it was reported that K66 from the 62-YxxPKxYxK-70 motif of rpS26e (together with K113) is acetylated in human cells (36) . Acetylation is a reversible post-translational modification of proteins playing a key role in regulating gene expression; lysine acetylation preferentially regulates the functioning of large macromolecular complexes involved in diverse cell processes, such as modulation of chromatin architecture, cell cycle, splicing, nuclear transport, etc. [e.g. see (36) and refs therein]. However, rpS26e isolated from rat (37) and human (38) 40S ribosomal subunit lacks any posttranslational modifications. Thus, it is reasonable to suggest that rpS26e is deacetylated before or during ribosome assembly. Since acetylated lysines lack positive charges and are therefore unable to interact with RNA phosphates, acetylation of rpS26e at K66 can deprive the protein of its ability to interact with mRNA. Therefore, deacetylation of the protein involved in ribosome assembly could be of major importance to ensure interaction of its 62-YxxPKxYxK-70 motif with mRNA.
RpS26e lacks eubacterial counterparts. However, in the 40S subunit this protein occupies a site homologous to that for rpS18p in the 30S subunit (5,11) and both proteins neighbor the mRNA region 5 0 of the E-site codon in the small ribosomal subunit. This suggests that rpS18p and rpS26e could function similarly in the small ribosomal subunit. Recently, it was found that the conserved structural motifs of rpS18p that contact the rRNA in the eubacterial ribosome, are present in rpS26e, and it was predicted that amino acids K83, R86, R92, K93 and R96 of human rpS26e contacts the 18S rRNA in the 40S subunit (39) . Analysis of the 2xzn structure of the 40S subunit (5) shows that all these residues do contact the 18S rRNA together with 15 other amino acid residues that belong to the N-terminal part of rpS26e (positions 4-7, 9-10, 14-17, 19, 32 and 37-39, see Figures 5 and 6) . One could expect that positioning of the mRNA with respect to rpS18p in the 30S subunit and to rpS26e in the 40S subunit share common features. However, cross-linking results argue against such similarities. In the 30S subunit, mRNA contacts only the very N-terminal fragment of rpS18p (40) that has nothing in common with the dodecapeptide in positions 60-71 of rpS26e. Moreover, the contacts of rpS18p with the mRNA in the 30S subunit have been observed only in a model initiation complex stabilized by Shine-Dalgarno interactions (40) that do not take place in eukaryotes.
Thus, our study provides new insights into molecular mechanisms of translation in eukaryotes. Motif 62-YxxPKxYxK-70 of rpS26e that is conserved in eukaryotes, is most probably involved in mRNA recruitment by eIF3 during initiation and in maintenance of the mRNA path from the area of codon-anticodon interactions to the exit site during translation. Interaction of this motif with the mRNA is probably mediated by K66 that is subjected to acetylation in the ribosome-free rpS26e, which in turn would protect this motif from interaction with cellular RNAs. Figure 6 . Positioning of rpS26e on the T. thermophila 40S subunit (PDB accession number 2xzn) (5) . General view (on the left) and zoomed structure of rpS26e extracted from the model. Sequence 64-72 corresponding to the conserved motif 62-YxxPKxYxK-70 in human rpS26e is light blue, protein fragments interacting with the 18S rRNA are marked as green, location of the Zinc atom (presented as yellow circle) is highlighted.
